I. INTRODUCTION
Understanding the thermal conductivity of electrically insulating materials used in nanoelectronic devices is critically important for predicting their self-heating behavior. [1] [2] [3] [4] In particular, phase-change memory (PCM) is an emerging memory device which relies on self-heating to switch between memory states. PCM utilizes the low resistivity crystalline state and the high resistivity amorphous state to store information. In order to switch between resistance states, the PCM device is either electrically pulsed for a short time which causes the programming region of the device to melt and then quickly quench to settle in an amorphous phase or pulsed at a lower power for a longer time to anneal the programming region to the crystallized phase. 1 Since the programming power is inherently linked to the self-heating of the device, PCM is largely dependent on the thermal design of its structure. Strong thermal confinement in both the electrodes and the dielectric help to retain heat generated and thus lower the write current required for PCM. 5, 6 Previous work has been done to reduce the heat loss through the electrodes. [7] [8] [9] However, the heat loss through the dielectric has often been ignored. 6, 10 Identifying and reducing the thermal conductivity of the surrounding dielectric is important for the design of PCM. 11, 12 Additionally, the geometry or structure used has a large impact on the heat generation and dissipation through the cell. 5, 10 Dash-type or confined PCM cells exhibit lower power compared to traditional mushroom PCM devices, because the volumes being melted are much smaller. 10, 13, 14 Previous works have thoroughly studied heat generation in mushroom PCM devices, 5, 7, 11, 15 but only some analysis has been performed on dash-type cells. 10, 13 Additional analysis of the heat loss path for the dash-type cell is required for further reduction in power consumption.
In this work, the thermal conductivity of SiO 2 /Al 2 O 3 and SiO 2 /Si 3 N 4 alternating stacks of amorphous dielectrics were measured using a steady-state thermal heater, and their impact in the PCM dash-type cell was simulated. The change in temperature per applied power was measured using an electrical heater patterned onto the dielectric thin film. The measurement was performed over a wide temperature range (100 K-500 K). From these measurements, an effective through-plane thermal conductivity for the different films was calculated. To understand the underlying changes in film density, X-ray reflectivity (XRR) measurements were taken. Additionally, molecular dynamics (MD) simulations were performed to better understand the thermal boundary resistance (TBR) between layers. Finite-element simulations identified the impact that the dielectric thermal conductivities have on the self-heating and primary heat loss paths of PCM dash-cells.
II. METHODS
The through-plane thermal conductivity of the multilayers was measured using a steady-state electrothermal technique, 16 as shown in Fig. 1 . By measuring the change in electrical resistance caused by both Joule heating of the line cell and measuring the change in electrical resistance due to micro-miniature refrigerator stage temperature, swfong@stanford.edu effective through-plane thermal resistance of the multilayer stack was calculated. One-dimensional heat conduction through the multilayer stack was assumed since the line cell is long and wide (A ¼ 100 lm Â 5 lm) compared to the film thickness (L ¼ 60 nm). The effective through-plane thermal conductivity was calculated using the following expression:
The effective thermal conductivity, k eff , was measured for 3 different material film stacks labeled as 200 nm SiO 
A. Sample fabrication
To minimize the thermal resistance of the substrate, the samples were prepared on p-type Si wafers with low doping (R > 1 X cm), owing to the higher thermal conductivity of lightly doped Si. 18 The Si wafers were HF-dipped to remove their native oxide. Then, a 50 nm Al 2 O 3 reference thin-film was grown via Atomic layer deposition (ALD). The Al 2 O 3 film served as an electrical isolation from the Si wafer with relatively low thermal resistance. 19 
B. Electrical measurements
The samples were measured in a vacuum chamber with a micro-miniature refrigerator temperature-controlled system. 17 The pressure during all measurements was less than 10 -7 Torr. The stage was cooled via Joule-Thomson expansion of 1500 psi Ar gas and heated via Joule-heating an embedded resistor. The stage enabled temperature control of the sample between 100 K and 500 K. Thermal grease (Dow Corning 340) was applied between the stage and the sample to ensure low thermal contact resistance. The Pt line thermometers were used to measure the thermal resistance of the films in the following manner. The thermometers' electrical resistances were measured at 15 temperatures between 100 and 500 K. For each stage temperature, the current was measured at 400 points for line cell biases between 0 and 25 V. The current flow through the line cell and voltage were multiplied to calculate the total power. No hysteresis was observed. An example data set is shown in Fig. 2(a) , where the measured electrical resistance is plotted versus power. The data from voltages greater than 5 V were then used to calculate the change in electrical resistance due to applied power (slope of the electrical resistance vs. power plot) and the electrical resistance change resulting from changes in the stage temperature at P ¼ 0 (by linearly fitting the data). Since the electrical resistivity of the Pt thermometer rises linearly with temperature, the thermal resistance as a function of line temperature could then be calculated by using the following expression: Voltage sweeps were performed on all of the samples. The measured thermal resistance of the Si þ 50 nm Al 2 O 3 reference wafer is shown in Fig. 2 (b). To properly adjust for the series Si þ Al 2 O 3 film in the other samples, the thermal resistance of the reference wafer was subtracted from their measured total resistances. This accounted for the thermal resistance due to the TBR between Pt and the dielectric, the 50 nm film of Al 2 O 3 , and the Si wafer. Standard deviation markers were added to show the accuracy of these measurements. The thermal resistance standard deviation was calculated by adding the standard deviation of the substrate and the measured film's standard deviation. The standard deviation for the thermal conductivity was calculated by mapping the impact one standard deviation of thermal resistance would have on the film's thermal conductivity.
III. DISCUSSION AND MD SIMULATIONS
The thermal resistances were measured as described in Section II B. Using the one-dimensional heat conduction assumption, the effective thermal conductivity was then calculated and is shown for each of the different material stacks in Fig. 3(a) . A comparison of the thermal conductivities of measured multilayers and literature values for the bulk single-layer films at 150 K, 300 K, and 500 K is recorded in Table I (1) A thin film ballistic size effect caused by interface scattering of long wavelength propagating phonons. This is unlikely as previous works have shown that propagating modes contribute a very small fraction to thermal transport in amorphous oxides, 24 and that the dominant mean free paths of these modes are less than about 1 nm at room temperature. 25 However, to the best of our knowledge, this work is the first to study through-plane thermal transport in ultrathin amorphous layers, in the 1-2 nm range. Therefore, while phonon size effects are unlikely, further experiments including at low temperatures are required to fully rule out the role played by ballistic vibrational modes in these films. Additionally, modal-based analysis 26 been discovered offers interesting techniques to understand the heat transfer using mode-mode correlation to calculate the thermal conductivity and boundary resistance instead of considering scattering. This technique seems particularly useful for further scaled amorphous materials, especially as we approach the ballistic phonon regime.
(2) Degradation in film quality with decreasing layer thickness. Thicker amorphous dielectric films tend to follow the minimum thermal conductivity model. 28 However, prior work has shown that a modification to the theory, specifically the differential effective-medium approximation, must be made when considering the impact of changing density on the thermal conductivity in ALD grown Al 2 O 3 as well as low density SiO 2 films. 29, 30 The thermal conductivity as a function of density is summarized in Equation (3), where k bulk can be calculated using Equation (4)
where k is the film's thermal conductivity, n is the film density, v i is the sound speed in the i polarization (one longitudinal and two transverse polarizations), T is the temperature, H i is the Debye temperature and is defined by
2 nÞ 1=3 ; k B is the Boltzmann constant, h is the reduced Planck's constant, and x ¼ H i =T.
The density of the SiO 2 /Al 2 O 3 bilayer pairs was measured using a PANalytical X'Pert PRO x-ray diffraction system by measuring the XRR while increasing the X-ray incident angle from 0 to 2 . The Parratt formalism 31,32 was then used to determine the individual densities of the SiO 2 and Al 2 O 3 films. The measured densities are shown in Table  II . Measurements of multilayer films with additional layers (3 vs 2 layers) showed no change in density between layers, however, a strong density dependence was measured in relation to the film thickness. Previous work has shown strong density dependence as a result of processing condition. 29 The density dependence on thickness in our case is likely, because the films are very thin and the bond lengths are transitioning from the previous deposited layer such that the density has not yet reached its bulk value. Additionally, the effective acoustic velocity in the through-plane direction was measured using picosecond acoustics for the multilayer films 28 We were unable to discern significant differences in the sound speeds of these two films due to the lack of sharp acoustic peaks. No reliable data were obtained for the smallest period multilayer, possibly due to the increased acoustic damping at the SiO 2 /Al 2 O 3 interfaces. Since the acoustic velocities did not deviate largely from the bulk acoustic velocities from literature as shown in Table III , the bulk acoustic velocities were used to create a comparison of the thermal conductivity versus the measured density as shown in Fig. 4 for the SiO 2 and Al 2 O 3 layers. Though a significant change in thermal conductivity is calculated due to changes in density, not all of the total film's change in thermal conductivity is described. This implies that a different underlying conduction model is in effect or an additional finite TBR exists between layers.
(3) Finite thermal boundary resistance resulting from vibrational mismatch or imperfect interface between the amorphous layers. 33 The through-plane thermal conductivity of multilayers is strongly affected by interfacial scattering of vibrational modes when layer thicknesses are small. 34 In order to match the calculated density dependent thermal conductivities of the SiO 2 and Al 2 O 3 data with the measured total film thermal resistance, an average single interface TBR of 1.5 m 2 K/GW was used as a fitting parameter and added to estimate the interface resistance between the SiO 2 and Al 2 O 3 layers. R TBRS is the total thermal resistance of the z interfaces that make up a multilayer stack. Tables II and III, respectively. contribution from the multiple TBRs between layers compared with the individual layer change in thermal resistance is shown in Fig. 5 . With the added TBR fitting parameter, the total measured thermal resistance of the multilayer stack is well described by the changes in film density and the additional TBR contribution. This measured resistance is smaller than typical resistances measured at metal-semiconductor and oxide-semiconductor interfaces that are in the range 10-20 m 2 K/GW [35] [36] [37] but is comparable to a prior measurement of resistance across a SiO 2 /Y 2 O 3 interface of about 4 m 2 K/GW. 33 In order to investigate vibrational coupling across the amorphous interfaces, we perform equilibrium MD simulations and calculate the vibrational density of states (VDOS) of amorphous SiO 2 and Al 2 O 3 . 38 We use the Tersoff potential 39 for SiO 2 /Si 3 N 4 system, and the van Beest, Kramer, and van Santen (BKS) potential 40, 41 for the SiO 2 /Al 2 O 3 system. The amorphous materials are simulated using the following procedure: The amorphous structure of each material is first obtained starting from its crystalline lattice. A 2 nm thick slab of crystalline lattice is generated, and the following series of MD simulations are performed in order to obtain the amorphous structure, similar to previous works. 42 A time step of 1 fs is used as the simulation step size. This time step was chosen to capture the frequency range of vibrations which could occur (<40 THz). The volume of the slab is first enlarged by 20% and melted at a high temperature of 6000 K for 100 000 steps so that a disordered state is reached. The volume is then scaled down to its original value, and the system is again equilibrated at 6000 K for another 100 000 steps. Next, the temperature of the system is cooled down over 100 000 steps to 400 K, the average temperature for non-equilibrium molecular dynamics (NEMD) simulations. Finally, the system is equilibrated at 400 K in canonical ensemble (NVT) for 100 000 steps followed by an equilibration of 100 000 steps in micro-canonical ensemble (NVE). The initial structure of the amorphous multilayer structure is formed by assembling the amorphous slabs of each material in the z-direction. Before applying the temperature difference for NEMD simulations, the initial amorphous multilayer structure is optimized and equilibrated first in isothermal-isobaric ensemble (NPT), then NVT and NVE. The total energy remains constant at all subsequent time steps with fluctuations less than 1 meV. The VDOS is then calculated from the sampling of atom velocities in equilibrium MD simulations at 400 K using
; (5) where x is the frequency, N a is the number of atoms, and j;a ðtÞ is the velocity of atom j in direction a. The velocities are sampled for 1 000 000 steps, and then a fast Fourier transform is used to calculate the VDOS. Comparing Figs. 6(a) with 6(b), we find the frequency spectra of the VDOS for Al 2 O 3 and SiO 2 are comparable. Moreover, since the dielectrics are amorphous, the phonon modes available for heat transfer are broadened. This causes many overlapping phonon modes in which heat can travel between the two dielectrics, resulting in a good thermal coupling and thus a low boundary resistance. Calculations for SiO 2 /Si 3 N 4 show even less of a difference in the VDOS, suggesting a lower thermal resistance in this system as compared to SiO 2 / Al 2 O 3 .
We also perform NEMD simulations 43 to determine the temperature profiles across the SiO 2 /Si 3 N 4 and SiO 2 /Al 2 O 3 interfaces. The NEMD simulations are performed by applying temperature boundary conditions at the left and right ends using heating and cooling isothermal boundary conditions, respectively. The temperature difference is 50 K, with an average of 400 K in the sample. Figs. 6(c) and 6(d) show that there is not a significant TBR between interfaces because of low vibrational mode mismatch between these amorphous dielectrics, consistent with the results of VDOS calculations. At the SiO 2 /Al 2 O 3 interface, the temperature difference is 1.91 K at a heating power of 37.4 nW. At the SiO 2 /Si 3 N 4 interface, the temperature difference is 0.97 K at a heating power of 117.3 nW. The cross section area is 6.265 nm 2 for SiO 2 /Al 2 O 3 interface and 26.582 nm 2 for SiO 2 /Si 3 N 4 interface. Therefore, the simulated interface resistance is 0.32 m 2 K/GW for SiO 2 /Al 2 O 3 interface and 0.22 m 2 K/GW for SiO 2 /Si 3 N 4 interface. The TBR obtained from MD simulations is lower than that extracted by fitting the experimental data (1.5 m 2 K/GW). This difference is due to near-interfacial imperfections and defects that are not accounted for in the MD calculations but present in the thin ALD films. We note that although this TBR is small, it has a significant impact on the effective thermal conductivity of the multilayers because it creates comparable thermal resistance to the individual layers within a period. As shown in Fig. 5 , the reduced conductivity of the SiO 2 /Al 2 O 3 multilayers with reducing period thickness has contributions from both the lowered density of the thinner layers, as well as the finite TBR. Previous works have shown that the intrinsic conductivity of amorphous Si 3 N 4 thin-film does not scale with thickness, 44 whereas Al 2 O 3 shows a strong dependence on film quality and film thickness. 19, 29, 45 This likely also explains why the thermal conductivity of the 20 Â [2 þ 1 nm] SiO 2 / Al 2 O 3 multilayer is lower than the 20 Â [2 þ 2 nm] SiO 2 / Si 3 N 4 multilayer. It is important to note that both the film quality as well as interface density will change very dramatically as we approach ultra-thin layer thicknesses. Therefore, due to both high interface density and decreasing film density, we can expect similar reductions in thermal conductivity for other aggressively scaled amorphous multilayers.
IV. FINITE-ELEMENT PCM SIMULATIONS
Dash-type PCM cells 10 were simulated using 3D finiteelement simulations. The heat transfer was simulated using Fourier heat diffusion equations (6) . Thermal boundary resistances were also added to the simulation and modeled using (7)
where C is the volumetric heat capacity, T is the temperature at each node, t is the time step, k is the thermal conductivity, Q PCM is the heat generated in the PCM layer, Q 00 is the heat flux between two interfaces, and DT is the temperature across the interface. Fig. 7 shows a breakdown of the various dimensions used as well as the boundary conditions and TBRs used for this simulation. Table IV shows the thermal conductivity and heat capacities used for the various materials in this simulation. The heat was modeled as a uniform heat source in the phase-change layer for 50 ns. The top and bottom surfaces (above and below the dielectric region) were held at an isothermal temperature of 300 K. Additionally, the ends of the electrode lines were treated as isothermal boundaries. The phase transition was simulated by adding the latent heat required to change phases to the heat capacity from 890 K to 900 K (approximate melting temperature of PCM). 46 During the phase transition, the thermal conductivity values were weighted based on the fractional transformation of the phase. 50, 52 Additionally, the phase transition was simulated using L PCM . 47 The parameters used for the simulation are listed in Table IV . With these boundary conditions, the thermal conductivity of the dielectric material was swept between 0.005 and 2 W/(m Â K). The total power required, as normalized to the power required for SiO 2 (k ¼ 1.4 W/(m Â K)), to attain DT ¼ 600 K (temperature required to induce phase transformation from crystalline to amorphous) 47 was simulated and shown in Fig. 8(a) . Similarly, the normalized current required is plotted in Fig. 8(b) . The breakdown of the heat flux direction and heat stored in the phase-change layer is plotted in Figs. 8(c) and 8(d) . The heat flow into the TE, BE and radially is calculated by measuring the steady-state heat flux in each of those directions. The energy stored in the PCM layer is calculated by considering the temperature change of the PCM plus the latent heat required for phase transformation. This is calculated using
where V PCM is the volume, C is the heat capacity, DT is the average temperature change, and L PCM is the latent heat of phase transition of the phase-change material. As the thermal conductivity of the dielectric decreases, the power required dramatically decreases until we reach about 0.02 W/(m Â K), approximately the thermal conductivity attainable using airgaps, 48 at which point the heat lost in the electrodes is equal to the heat loss through the dielectric and the total power required to heat the device with a complete air gap is 10% of the power required for a device with SiO 2 dielectric. Fig. 9 shows the impact of using the multilayer SiO 2 /Al 2 O 3 film and the resulting temperature, using a constant power. Using a thermal conductivity of 0.48 W/(m Â K) (SiO 2 /Al 2 O 3 film) shows a 38% improvement in heating (DT/Applied Power) compared to a typical dielectric thermal conductivity of 1.4 W/(m Â K) (SiO 2 film). To create this stacked dielectric layer in the dash-type cell, the oxide must be deposited conformally against the phase-change layer. Thus, the dash-cell must be fabricated first, and then the stacked dielectric layer would be deposited via ALD. Additional work is in progress to fabricate such a device.
V. CONCLUSION
The thermal conductivity for SiO 2 /Al 2 O 3 and SiO 2 / Si 3 N 4 alternating dielectrics was measured over a temperature range of 100-500 K using a steady-state one-dimensional heater. The thermal conductivity of the SiO 2 /Al 2 O 3 multilayer stacks was reduced by 64% from bulk SiO 2 values and attributed to a change in film quality as well as finite interface TBR between alternating dielectric layers caused by imperfect interfaces. We propose that similar reductions in thermal conductivity are possible with other aggressively thinned amorphous multilayers as the film density decreases and finite TBR exists. Additionally, this work shows that the reduction in thermal conductivity of the insulating films by using SiO 2 /Al 2 O 3 oxides can result in a 38% improvement in heating efficiency of PCM dash-type cells. Simulations show that by further decreasing the thermal conductivity to that of an air-gap, the power required will reduce to 10%-20% of the power required by devices with SiO 2 as the dielectric. 
